Wounds associated with diabetes are difficult to heal and often stay unhealed, leading to higher morbidity and mortality in the diabetic population. A major barrier to the successful healing of chronic diabetic wounds is the presence of biofilm-mediated infections. In recent years, photodynamic therapy (PDT) has emerged as a promising treatment modality for the management of chronic wounds. The objective of the present study was to evaluate the effectiveness of toluidine blue-(TB-) loaded nanoparticlemediated PDT in eradicating antibiotic-resistant polymicrobial biofilms of Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus in an in vitro model. Dioctyl sodium sulfosuccinate (aerosol OT, AOT)-alginate nanoparticles with high TB loading (10.8 ± 2.2%) were formulated using a double emulsification cross-linking method. TB nanoparticles induced effective killing of planktonic P. aeruginosa (3.5 log 10 CFU) and S. aureus (>5 log 10 CFU) and their combined biofilms (2.8 log 10 CFU for P. aeruginosa versus 3.4 log 10 CFU for S. aureus). While P. aeruginosa biofilm was more resistant when compared to that of S. aureus, our results demonstrated effective eradication of complex biofilms of dual bacterial strains in vitro.
Introduction
Chronic wounds are a major health problem throughout the world, with limited effective methods of treatment. Wounds associated with diabetes are difficult to heal and often remain unhealed leading to increased morbidity and mortality in diabetic patients [1, 2] . A key barrier to the successful healing of chronic diabetic wounds is the presence of biofilm-mediated infections [3] [4] [5] . Biofilms are structured communities of microorganisms growing on a living or nonliving surface and enclosed in a self-produced matrix of extracellular polymeric substances (EPS) [6, 7] . The matrix provides enormous protection to the biofilm against hostile environmental conditions, such as host immunological system and antimicrobial agents [8] [9] [10] [11] . The polymicrobial nature of diabetic wounds appears to promote the production of several virulence factors that contribute to the chronicity of the infection [12, 13] . In addition, presence of antibioticresistant bacteria such as methicillin-resistant Staphylococcus aureus (MRSA) and Pseudomonas aeruginosa (P. aeruginosa) is more common in diabetic wounds [14] .
In recent years, photodynamic therapy (PDT) has emerged as a promising alternative treatment for the management of chronic infections. PDT is based on the concept that certain compounds, known as photosensitizers, when exposed to light of a specific wavelength, are capable of generating reactive oxygen species (ROS), such as singlet oxygen and free radicals [15] [16] [17] [18] . Subsequently, ROS mediate cellular toxicity via oxidative stress to cell membranes and other cellular components [19, 20] . One of the key advantages of PDT as a therapeutic tool is the concept of dual selectivity. Collateral damage to normal tissues can be reduced by the preferential accumulation of photosensitizers in the target tissue and localized light irradiation in a spatially focused manner [21] .
Phenothiazine dyes such as methylene blue (MB) [22] and toluidine blue (TB) [23] have been extensively used for PDT-mediated eradication of a wide range of Grampositive and Gram-negative bacteria as well as fungi. The high quantum yield of singlet oxygen production [24, 25] coupled with relatively low dark toxicity [26, 27] makes them attractive candidates for PDT. However, several studies 2 Journal of Nanomaterials have demonstrated incomplete destruction of biofilms using MB [28, 29] and TB-mediated PDT [30] . The diminished susceptibility of biofilms to PDT was primarily attributed to poor penetration of the photosensitizer inside the cells [28, 29] . Furthermore, both MB and TB are substrates of bacterial multidrug resistance efflux pumps, thus reducing the efficiency of these photosensitizers [31] .
Therefore, a potential strategy to improve the efficacy of photosensitizers is to encapsulate them in a suitable drug carrier such as nanoparticles. Photosensitizers encapsulated in nanoparticles offer several distinct advantages over free photosensitizing molecules, which include increased accumulation of the photosensitizer in the target cells, and inhibition of target cell's ability to pump out the photosensitizers [32] . Furthermore, incorporation of the photosensitizer in nanoparticles could prevent the inactivation of photosensitizer by plasma reductases and thus protects its photodynamic activity [33] . In this study, the nanoparticles were formulated using anionic surfactant dioctyl sodium sulfosuccinate (aerosol OT, AOT) and a naturally occurring polysaccharide sodium alginate. Besides being nontoxic, the AOT-alginate nanoparticles have also been shown to improve ROS yield of photosensitizers [34] . The objective of the present study was to investigate the in vitro photodynamic efficacy of TB-loaded nanoparticles against both planktonic and biofilm phases of P. aeruginosa, MRSA, and their mixed culture. In addition, the in vitro photobactericidal efficacy of TB nanoparticles was compared with that of free TB.
Materials and Methods

2.1.
Materials. TB, polyvinyl alcohol (PVA), sodium alginate, and bovine serum albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO, USA). AOT and chloroform were procured from Fisher Scientific (Chicago, IL, USA). Luria Broth (LB) medium and LB agar medium were purchased from MP Biomedicals, LLC (Solon, Ohio, USA). P. aeruginosa (ATCC 27853) was received from Dr. Karunya Kandimalla (Department of Pharmaceutics, University of Minnesota, Minneapolis, MN) and S. aureus (ATCC 33591) from Dr. Christine Salomon (Center for Drug Design, University of Minnesota, Minneapolis, MN). All other reagents are chemical grade and used without further modification.
Nanoparticle Formulation.
AOT-alginate nanoparticles encapsulating TB were prepared using a double emulsification cross-linking method [35, 36] . Briefly, 1 mL of 1% w/v aqueous sodium alginate solution containing 5 mg of TB was emulsified into 2 mL of 2% w/v AOT solution in chloroform by sonication at 20 W for 5 min over an ice bath (Model W-375, Heat Systems Ultrasonics Inc., CT). The water-inoil (w/o) primary emulsion was re-emulsified into 15 mL of 2% w/v aqueous PVA solution to form a water-in-oil-inwater (w/o/w) multiple emulsion. To the final emulsion, 5 mL of 60% w/v aqueous calcium chloride solution was added dropwise with constant stirring at 1200 rpm using a magnetic stirrer. Subsequently, chloroform was evaporated by continuously stirring the emulsion at ambient conditions for 18 h followed by 1.5 h stirring under vacuum. The nanoparticles were harvested by ultracentrifugation at 35000 rpm for 30 min (Beckman Optima6 LE-80K, Palo Alta, CA), washed three times with deionized water to eliminate excess PVA and unentrapped TB. After the final wash, the nanoparticle pellet was redispersed in 1 mL of deionized water, and nanoparticles were separated from large aggregates by centrifugation at 1000 rpm for 5 min (Eppendorf5 5810 R, Eppendorf, Westbury, NY). The supernatant nanoparticle suspension was then freeze dried (FreeZone 4.55, Labconco, Kansas City, MO) to obtain dry nanoparticles. Blank nanoparticles were synthesized in the absence of TB.
Nanoparticle Characterization.
The average hydrodynamic diameter and zeta potential of the nanoparticles were measured using a Delsa6 Nano C particle size analyzer (Beckman Coulter Inc., Fullerton, CA) equipped with dual 30 mW laser diodes operating at 658 nm wavelength and at 165 ∘ constant scattering angle. One milligram of nanoparticles was dispersed in 4 mL of deionized water with sonication and then used for analysis.
To determine TB loading, nanoparticles were dispersed in methanol at a concentration of 1 mg/mL, incubated in dark for 1 h, and then centrifuged at 13000 rpm for 20 min. The absorbance of the methanol extract was measured at 626 nm using a Cary-100 UV-vis spectrophotometer. The concentration of TB was quantified from a standard curve constructed with known concentrations of TB in methanol. The experiment was conducted in replicates of four.
Bacterial Uptake of Nanoparticles.
The microbial uptake of TB nanoparticles in the absence or presence of BSA (0.06% and 0.15% w/v) was studied using planktonic P. aeruginosa. Free TB served as a control for this study. Free or nanoparticle-encapsulated TB at an equimolar dye concentration (100 M) was added to the bacterial suspensions (5 × 10 8 /mL) and incubated in the dark for 1 h at room temperature with gentle shaking at 125 rpm. Subsequently, the bacterial suspensions were centrifuged at 1000 rpm for 10 min to allow sedimentation of the TB-bound bacteria. Following two washes in phosphate-buffered saline (PBS), the cell bound TB was extracted with methanol for 1 h at room temperature and then centrifuged at 13000 rpm for 20 min. The amount of TB in the supernatant was quantified spectrophotometrically at 626 nm using a calibration curve of pure TB in PBS. The experiment was performed in triplicate. The extent of bacterial uptake of TB was calculated by the following equation:
Nanoparticle uptake (%) = Amount of TB in the dissolved pellet Total amount of TB added × 100.
(1)
In Vitro Release Study.
The release profile of TB from AOT-alginate nanoparticles was assessed in PBS at pH 7.4. Nanoparticle suspension (5 mL, 1 mg/mL) was incubated at 37 ∘ C and 125 rpm in a benchtop incubator shaker (Brunswick Scientific, C24 incubator shaker, NJ). At each time point, 0.5 mL of nanoparticle suspension was Journal of Nanomaterials 3 centrifuged at 13000 rpm for 20 min and the concentration of released TB in the supernatant was determined spectrophotometrically at 626 nm using a calibration curve of pure TB in methanol. The experiment was performed in replicates of four.
Bacterial Strains and Culture. P. aeruginosa and S. aureus
were used in this study. The day prior to the test, fresh bacterial cultures were grown aerobically on trypticase soy agar for 24 h at 37 ∘ C. On the day of the experiment, the bacteria were harvested by centrifugation and suspended in 1x PBS.
Photodynamic Treatment of Planktonic Bacteria.
The PDT experiments were conducted on the P. aeruginosa and S. aureus cultured in the separated and the mixed culture. Bacterial cell suspensions in PBS were incubated with 100 M of free or nanoparticle-encapsulated TB in the dark for 30 min at room temperature while shaking at 125 rpm. Following incubation, the cell suspensions were centrifuged at 13000 rpm for 5 min, washed twice, and the pellet was resuspended in sterile PBS. Subsequently, aliquots of 0.7 mL of the cell suspensions were placed in the wells of 24-well plates. Excluding the dark controls, the wells were irradiated with red light ( 665 nm ) using an Osram halogen lamp integrated into LumaCare6 LC-122 fiber optic light delivery device (Newport Beach, CA) for 25 min. The light exposure was from the top and the distance between the exposed sample and the light source tip was fixed to obtain a constant fluence rate. An average effective fluence rate of 17 mW/cm 2 was measured using an Orion PD energy meter. The entire well plate was kept covered during the irradiation in order to preserve the purity of the culture. After irradiation, the bacterial suspensions underwent serial dilutions in LB media, and 100 L of the samples was seeded on LB agar plates. The number of colony forming units (CFUs) was counted after 48 h of incubation at 37 ∘ C and expressed as log 10 CFU/mL. The following experimental groups were used: (1) L−TB−: positive control (microbial pool); (2) L−TB free+: microbial pool incubated with 100 M of TB solution in the dark for 30 min; (3) L−TB NP+: microbial pool incubated with 100 M of TB NP formulation in the dark for 30 min; (4) L+TB free+: microbial pool incubated with 100 M of TB solution in the dark for 30 min and then exposed to red light; and (5) L+TB NP+: microbial pool incubated with 100 M of TB NP formulation in the dark for 30 min and then exposed to red light. Each of these treatments was performed in replicates of four.
Preparation of Biofilms. Biofilms of P. aeruginosa, S.
aureus, and their mixtures were grown on commercially available polycarbonate coupons using a CDC Bioreactor (Biosurface Technologies, Bozeman, Montana). Initially, all reactor parts including rods, baffle, coupons, bacterial air vent, and tubing were autoclaved and assembled according to the manufacturer's protocol. The coupons were then positioned in the coupon holes in each plastic reactor rod and firmly secured by screws. To initiate biofilm formation, 400 mL of 0.3 mg/mL sterile LB media was added to the reactor chamber ensuring that each coupon was completely immersed. This low concentration of LB media provided a nutrient depleted condition within the reactor. After that, 1 mL (5 × 10 8 CFU/mL) of an overnight bacterial culture (single or mixed) was transferred aseptically to the reactor chamber to confirm that bacteria were in the log phase. Immediately after inoculation with bacterial culture, the reactor was set to stir at 125 rpm. Subsequently, the biofilm was allowed to form at room temperature for 24 h in batch phase while the baffle rotated. To facilitate steady state biofilm formation, the reactor was operated for an additional 24 h with continuous flow of LB medium (0.135 mg/mL) at a rate of 15 mL/min. In continuous phase the reactor was maintained at 37 ∘ C and 125 rpm. Finally, the biofilms grown on coupons were removed from the reactor rod aseptically, rinsed with sterile PBS to eliminate any planktonic cells, and stored in sterile PBS.
Photodynamic Treatment of Biofilms.
The freshly prepared biofilms containing coupons were randomly assigned to the different groups as mentioned under Section 2.8. Coupons were then placed into separate wells of a sterile 24-well plate containing 1 mL of TB formulation in PBS, while the control coupons were incubated with sterile PBS alone. Following 30 min of dark incubation at room temperature, each side of the coupon was exposed to red light ( 665 nm ) with a fluence rate of 17 mW/cm 2 and a total light fluence of 25.5 J/cm 2 as described above. After irradiation, adherent bacteria were gently scraped with a sterile cell lifter, resuspended in 10 mL of PBS, and serial dilutions were prepared in LB media. Lastly, 100 L aliquots were inoculated onto LB agar plates and the number of CFUs was counted after 48 h of incubation at 37 ∘ C.
Spectral Characteristics of TB.
The bactericidal effectiveness of a photosensitizer is strongly influenced by its structural conformation and electron absorption spectrum [37] . Therefore, the structural integrity of TB extracted from nanoparticles was confirmed by recording its absorbance spectra in the visible region (400-700 nm). The UV-spectra of free TB in methanol were used as a control. Further, the integrity of free TB or that encapsulated in nanoparticles was also evaluated under experimental conditions (i.e., at 100 M concentration in PBS) by measuring their absorption spectra in the visible region, where the monomer, dimer, and aggregates bands of the TB were distinct.
Statistical Analysis.
Statistical analysis of bacterial uptake of nanoparticles was performed using two-tailed Student's -test. Statistical analyses for photodynamic treatments were performed using two-way analysis of variance (ANOVA) by Tukey's test for comparison between individual groups. A probability level of < 0.05 was considered significant.
Results and Discussion
Biofilm related infections continue to pose major global health problems due to lack of effective treatments [38] . Biofilm-embedded bacteria are difficult to treat, as they are often resistant to antibiotics and the host immune system. PDT has evolved as a potential alternative therapeutic strategy since this modality is not susceptible to resistance mechanisms found in bacteria [39] . However, poor microbial uptake of the photosensitizer due to the viscosity barrier created by EPS contributes to less than optimal photobactericidal efficacy [40, 41] . Recently, polymeric nanoparticles have received increasing attention as promising delivery tools to enhance the therapeutic efficacy of encapsulated photosensitizers [22, 42] . The use of a matrix-type nanoparticle system can potentially allow better interaction of the photosensitizer with the matrix as well as with neighboring photosensitizer molecules and thereby facilitate efficient electron transfer. Previous studies demonstrated that AOT-alginate nanoparticles efficiently encapsulated weakly basic polar molecules such as MB [43] . Furthermore, the use of sodium alginate allows high local concentration of water in the vicinity of the photosensitizer which may assist efficient electron transfer and production of hydroxyl radical [44] . The general scheme of PDT-mediated bacterial killing is shown in Figure 1. 
Formulation and Characterization of Nanoparticles.
TB was encapsulated into AOT-alginate nanoparticles using a double emulsification cross-linking method. The hydrodynamic diameter of the nanoparticles, characterized by dynamic light scattering, was 215 ± 24 nm. The polydispersity index of the nanoparticles was less than 0.2, suggesting a fairly narrow size distribution. As indicated by the electrophoretic light scattering analysis, nanoparticles had a net negative surface charge of −21.2 ± 4.3. The negative zeta potential is ascribed to the presence of anionic sulfonate groups of AOT and the carboxyl groups of alginate [43] . TB loading in nanoparticles was 10.8 ± 2.2% w/w.
Bacterial Uptake of Nanoparticles.
The binding of photosensitizer to the bacterial cell membrane or its uptake into the cells during incubation with TB (free or encapsulated in nanoparticles) is an important determinant in PDT-mediated bacterial killing. It is a well-known fact that the presence of charged molecules such as albumin could adversely influence the binding of photosensitizer or nanoparticles with bacterial cells, which in turn can diminish the antibacterial activity [45] . Hence, the TB binding efficiency of planktonic P. aeruginosa was determined in the absence or presence of BSA. Albumin is the most common protein in blood and inflammatory exudates [46] . Selected BSA concentrations of 0.06% and 0.15% resemble the actual albumin concentration in chronic and acute wounds, respectively [47] . As shown in Figure 2 (a), the fraction of TB bound to bacterial cells was significantly ( < 0.05) higher in the nanoparticle group as compared to that for the free dye treatment. After 1 h of dark incubation at room temperature, about 39.4% of the TB encapsulated in nanoparticles was bound to the bacteria while only 22.7% association was observed for TB solution in PBS. Addition of low level of BSA (0.06% w/v) in the medium did not affect the bacterial binding of TB either from TBloaded nanoparticles or from TB solution. Nevertheless, the bacterial binding of TB solution was found to be severely compromised in the presence of 0.15% w/v of BSA. Therefore, encapsulation of TB is important for enhancing bacterial binding under in vivo conditions where the presence of serum proteins could significantly inhibit the association of free TB.
In Vitro Release Study.
In vitro release of nanoparticleencapsulated TB was performed under sink condition. An initial burst release of 9.6% of TB was observed at the end of 0.5 h (Figure 2(b) ). The total release over 7 days was 18.5%. The sustained release profile of TB could be attributed to electrostatic interactions between weakly basic TB and anionic nanoparticle matrix [35] . For PDT experiments, both the planktonic and biofilm-embedded bacteria were incubated with nanoparticles in the dark for 30 min at room temperature, which imply that only 9.6% of TB was available for PDT-mediated bacterial killing. Furthermore, the sustained release profile of TB from alginate nanoparticles offers the possibility of repeated exposure to phototherapy after single administration of nanoparticles. These results clearly demonstrate the advantages of the nanoparticle formulation over free dye.
PDT of Planktonic Bacteria.
Although the microflora of chronic wounds is typically polymicrobial and heterogeneous, S. aureus and P. aeruginosa are the most common bacteria isolated from these wounds [48] [49] [50] . These two bacteria are frequently found together and often cause biofilm-mediated infections in their hosts. Therefore, the efficacy of the TB-mediated PDT was evaluated against both planktonic and biofilm phases of P. aeruginosa, S. aureus, and their mixed culture. The results of the planktonic PDT experiments are depicted in Figure 3 . Without TB treatment, bacterial samples (L+TB−) exhibited normal growth, suggesting that the selected irradiation dose (fluence rate 17 mW/cm 2 , total fluence 25.5 J/cm 2 ) alone had no antibacterial effects (Figure 3(a) ). Similarly, without irradiation, incubation of bacterial suspension with 100 M of free TB or TB encapsulated nanoparticles (L−TB free+ or L−TB NP+) in the dark for 30 min did not induce killing. This indicates that TB nanoparticles or free TB did not exert dark toxicity against P. aeruginosa. In contrast, irradiation of P. aeruginosa in the presence of 100 M of TB free or encapsulated in nanoparticles (L+TB free+ and L+TB NP+) resulted in a 3.5 log 10 CFU reduction in the viable counts (Figure 3(a) ), which demonstrates the feasibility of TB-mediated PDT for the treatment of P. aeruginosa infection.
Likewise, the incubation of S. aureus with TB encapsulated nanoparticles (equivalent to 100 M of free TB) in the dark for 30 min exhibited no decrease in the number of CFU (Figure 3(b) ). Irrespective of the bacterial species there were no significant ( > 0.05) differences between free TB and TB NP groups in single culture. However, the PDT group (L+TB NP+) exhibited complete killing of S. aureus (>5 log 10 CFU). These results are in agreement with the existing literature suggesting S. aureus (Gram-positive) is more susceptible to photokilling compared to Gram-negative P. aeruginosa [51] . This is due to the differences in their membrane structure. Gram-positive bacteria have a relatively porous layer of peptidoglycan and a single lipid bilayer, which allows greater diffusion of the photosensitizer into the bacterial cell [52] . Therefore, they can be eradicated by a wide range of dyes and at lower doses of irradiation, which explains the higher susceptibility of S. aureus to PDT in our study [51] . On the other hand, Gram-negative bacteria comprise a double lipid bilayer sandwiching the peptidoglycan layer and an outer lipopolysaccharide layer, which act as an efficient barrier to limit permeability of various substances [17] .
In the mixed suspension, as expected, the potency of PDT was found to be higher for S. aureus as compared to P. aeruginosa (Figure 3(c) ). In contrary to single culture, the photokilling efficiency of free TB was marginally ( = 0.034 for S. aureus and = 0.048 for P. aeruginosa) higher than that of TB nanoparticles. The lower efficacy of nanoparticleencapsulated TB compared to free TB is associated with the competitive extraction of the dye from nanoparticles compared to the dye interaction with bacteria. However, the overall bacterial killing rate in mixed suspension was low as compared to their single culture PDT, probably due to synergy between S. aureus and P. aeruginosa [53, 54] . It has to be further noted that we used same amount of TB dose in mixed culture as that used in the isolated individual cultures of each strain. Since there is almost double the amount of species present for the same amount of TB, it is anticipated that there will be diminished overall bacterial killing efficiency.
PDT of Bacterial Biofilm.
The biofilms were incubated with either 100 M TB free or TB encapsulated nanoparticles for 30 min in dark at room temperature. Following dark incubation, each side of the coupon was exposed to red light ( 665 nm ) with a fluence rate of 17 mW/cm 2 and a total light fluence of 25.5 J/cm 2 . The results of the biofilm PDT experiments are shown in Figure 4 . Free TB or TB encapsulated nanoparticles did not exhibit dark toxicity against P. aeruginosa, S. aureus, and their mixed biofilms. However, irradiation of P. aeruginosa biofilm in the presence of free TB (L+TB free+) and TB encapsulated nanoparticles (L+TB NP+) resulted in 2.5 log 10 CFU and 2.8 log 10 CFU reduction in the viable counts, respectively (Figure 4(a) ). Moreover, the efficiency of PDT on biofilms was found to be strain dependent. For S. aureus biofilm, PDT group (L+TB NP+) induced a 3.4 log 10 CFU reduction in bacterial count (Figure 4(b) ). As expected, in the mixed biofilm, the reduction of S. aureus was greater than that observed for P. aeruginosa (Figure 4(c) ). However, mean log 10 CFU level of free TB was not significantly different from that of TB NPs.
The results of PDT experiments clearly demonstrated that the photosensitivity of planktonic bacteria was higher than bacteria within biofilms. Several factors have been found to be responsible for biofilm resistance that include slow growth Journal of Nanomaterials rate compared to planktonic cultures, differences in cell wall composition, and the presence of EPS matrix in biofilm cultures [30] . It has been demonstrated that the higher viscosity of the EPS matrix results in diminished diffusion of photosensitizer and hence its association with bacterial cells in addition to increased hindrance to the penetration of light and hence photosensitization of the biofilms [30, 40] . Further, the EPS-matrix molecules are capable of reacting with diverse antimicrobials/photosensitizers via electrostatic interactions or through --interactions of aromatic moieties, thus inhibiting the penetration of these molecules into deeper parts of the biofilm [40] . Contrary to the expectations, our data reveal not significantly different ( > 0.05) photobactericidal efficacy of TB free and TB encapsulated in sodium alginate nanoparticles against bacteria grown both planktonically and in biofilm (Figures 3 and 4) . Several factors could explain the observed photokilling activities in our experiments. TB, a cationic dye, likely interacts with anionic polymers via electrostatic (Coulomb) interactions, resulting in the generation of metachromatic complex dimers and trimers [55] . In order to understand the mechanism of reduced efficacy of nanoparticles, we studied the changes in the conformation of TB encapsulated inside nanoparticles. The spectral characteristics of free TB and TB encapsulated nanoparticles are shown in Figure 5 . As depicted in Figure 5 (a), there was no observable difference in the absorption spectra of free TB and TB extracted from nanoparticles in methanol. Regardless of the formulation type (free or nanoparticle encapsulated), TB existed as a monomer in methanol as shown by a single peak at 626 nm. These results clearly indicate that there is no difference in the structural conformation of the dye when it is encapsulated in the nanoparticles. However, in the presence of PBS, the absorbance maxima of TB bound to nanoparticles was shifted toward the shorter wavelengths of the spectrum, suggesting the formation of dye dimers and higher aggregates. In contrast, free TB appeared as both dimer and monomer as demonstrated by the presence of two peaks at 626 nm and 590 nm. As reported earlier, the negatively charged nanoparticle matrix could induce dimer formation of positively charged TB [44] . Subsequently, the aggregated TB would decrease the quantum yield of singlet oxygen, resulting in decreased bacterial killing [56] . Figure 5 (b) demonstrates the induced TB dimer formation in alginate nanoparticles. The same kind of TB dimers can be produced on the surface of lipopolysaccharide (LPS), an anionic polymer found in the outer membrane of the Gram-negative bacteria. It was previously shown that the first step of photodynamic action of TB against Gram-negative bacteria is the formation of metachromatic complex between the dye and LPS, resulting in the damage of the outer membrane layer [57] . Additionally, the amount of dye available from the nanoparticles was only 10% of the free dye and still same effect was exerted suggesting superiority of nanoparticles in imparting toxicity at low doses.
However, TB-alginate nanoparticles have a number of potential advantages over free TB. Successful wound treatment requires a moist environment. Under these conditions, encapsulation inside alginate nanoparticles could improve the stability of the dye and sustained retention in bacterial biofilms (Figure 2(b) ), whereas free TB could be cleared away with the wound fluid [58] . Thus, free TB may not be effective when repeated doses of PDT are required as in the case of chronic wounds where repeated exposure to phototherapy has been proven beneficial [59, 60] . Furthermore, TB-sodium alginate nanoparticles are more resistant to the albumin environment than free TB (Figure 2(a) ). The existence of metachromatic complex between TB and alginate eliminates the TB interaction with proteins. It is widely known that the free cationic dyes bound to plasma proteins have negligible bactericidal effect when photosensitized due to bound/hidden photosensitizer groups. Finally, sodium alginate is the polymer of choice due to its gelling ability, biocompatibility, biodegradability, and established use in wound dressings [61] . These factors along with the bactericidal efficacy of TB-alginate nanoparticles could result in effective in vivo wound treatment.
Conclusions
In this paper, we studied the effect of TB-mediated PDT against biofilms of Gram-positive P. aeruginosa, Gramnegative S. aureus, and their mixed culture. The reduction of bacterial survival reached 3.4 log 10 CFU for S. aureus and 2.8 log 10 CFU for P. aeruginosa biofilm, respectively. Greater photo bactericidal effect was observed in case of the Grampositive bacteria when compared to their Gram-negative counterpart. This could be attributed to the differences in the membrane structure of the two species and hence differences in uptake of the photosensitizer. Nanoparticles were equally effective, despite the availability of less free dye (<10% of the encapsulated TB was released from the nanoparticles). Future studies evaluating the efficacy of nanoparticle-mediated PDT in vivo will substantiate the usefulness of this alternative treatment modality against antibiotic resistant chronic infections.
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